In the shortwave solar spectrum (0.25−5 μm), radiation is affected by the change in various aerosol properties and also by water vapour and other gas molecules. The presence of a variety of aerosols over the Bay of Bengal (BoB) during different seasons results in a change in aerosol properties, including the aerosol layer height. The BoB is an integral part of the Indian monsoon, and hence it is essential to understand the radiation budget over the BoB. The sensitivity of the aerosol forcing due to the changes in aerosol properties and other parameters has been studied using the Santa Barbara discrete ordinates radiative transfer model. The aerosol forcing at the top of the atmosphere was found to depend on the aerosol loading (aerosol optical depth), aerosol type (single scattering albedo) and the angular distribution of the scattered radiation (asymmetry parameter). The analysis also shows the presence of a relationship between aerosol layer height and the total amount of water vapour present in the atmosphere. The present study highlights the need for better retrievals of vertical aerosol distribution and water vapour profiles for a better understanding of the role of aerosols in the climate.
Introduction
The perturbation of the radiation balance can affect the global climate through changes in the temperature and precipitation. (Mitchell 1983; Mitchell et al. 1987 Mitchell et al. , 1999 Boer 1993; Hansen et al. 1997; Allen and Ingram 2002) . Atmospheric components like aerosols, clouds and greenhouse gases (GHGs) modify the radiation balance by interacting with radiation (Coakley et al. 1983; Coakley and Cess 1985; Ramanathan et al. 1989; Houghton et al. 1990; Charlson et al. 1992 Charlson et al. , 2005 Kiehl and Briegleb 1993; Hansen et al. 2005) . Most of the global warming is due to the increase in the emission of GHG since industrialisation. The role of aerosols in human-induced climate change is not understood well (Hansen et al. 1998 (Hansen et al. , 2000 IPCC 2013) . The change in the radiative flux at the top of the atmosphere (TOA) with and without aerosols is called aerosol radiative forcing (ARF TOA ) (Charlson et al. 1992; Satheesh and Ramanathan 2000) . Uncertainty in aerosol forcing is mainly due to the significant variation of the chemical composition of aerosols over space and time. Reducing the uncertainty in aerosol forcing by at least three times can help reduce the uncertainty in climate sensitivity (Schwartz 2004) . The aerosol forcing depends on both the direct aerosol effects (Penner et al. 1994; Ramanathan and Carmichael 2008; Boucher et al. 2013 ) and the indirect aerosol effects (Knutti 1 et al. 2002; Quaas et al. 2006; Lohmann et al. 2007; Anderson et al. 2010; Curry and Webster 2011; Tao et al. 2012; Lin et al. 2014; Rosenfeld et al. 2014; Lee et al. 2015) . It also depends on the spatial-temporal variation of aerosol properties as well on various processes during the aerosol-cloudclimate feedback (Li et al. 2009; Carslaw et al. 2010; Kokhanovsky et al. 2010; Raes et al. 2010) . According to figures 8. 15, 8.16 and section 7.5 of the IPCC (2013) report, there is 'high confidence' regarding the magnitude of the global mean total aerosol forcing (−0.9 W m −2 ) which includes aerosol-radiation and aerosol-cloud interaction. Aerosols were found to offset a portion of the radiative forcing (2.83 W m −2 ) due to GHGs. Aerosols also contribute to the largest uncertainty in the total radiative forcing estimate. The present study on direct aerosol forcing is over oceans in the absence of clouds. The presence of clouds makes the aerosol-radiation interaction more complex along with the additional effect of aerosols on cloud properties (Twomey 1991; Curry 1995; Breon et al. 2002; Lohmann and Lesins 2002; Kaufman et al. 2005; Kaufman and Koren 2006; Yu and Zhang 2013) . The global mean direct ARF is currently estimated to be −0.35 W m −2 (−0.85 to +0.15) (Myhre et al. 2013) . This estimate was found to be smaller in magnitude compared to the previous estimate of −0.5 W m −2 (−0.9 to −0.1) given in the previous climate assessment report. The estimate of direct aerosol forcing by IPCC (2013) is more robust than the previous report due to better agreement between models and observationbased estimates (Boucher et al. 2013) . Following the IPCC report, there have been studies showing that aerosol forcing is less negative than estimated earlier albeit with uncertainties (Samset et al. 2014; Stevens 2015; Chung et al. 2016) .
Aerosol properties used in radiative transfer calculations can either be modelled or retrieved from observations. The difference in these properties results in a difference between model-based and observed radiative forcing (McComiskey et al. 2008; Myhre 2009; Loeb and Su 2010; Chen et al. 2011; Kahn 2012) . Closure studies have been done validating model-simulated forcing values with observation results (Halthore and Schwartz 2000; Halthore et al. 2005; Michalsky et al. 2006) . The discrepancies between the model-based and observed values were due to the representation of various components of radiative transfer. However, the errors due to radiative transfer were much smaller compared to those due to the uncertainty in aerosol properties (McComiskey et al. 2008) . The study by Michalsky et al. (2006) showed the sensitivity of radiative model estimates due to the change in aerosol optical depth (AOD). McComiskey et al. (2008) further reported that reducing the measurement uncertainty of any environmental parameter including aerosols increased the accuracy in the estimation of direct radiative forcing. Advanced remote sensing and better satellite algorithms have resulted in the reduction of uncertainty.
Earlier studies on the radiative effects of aerosols showed the sensitivity of anthropogenic sulphate and soot forcing to aerosol size, aerosol composition, relative humidity and vertical profile of aerosols (Nemesure et al. 1995; Schwartz 1996; Haywood and Ramaswamy 1998) . Using a one-dimensional column radiation model, Liao and Seinfeld (1998) found that clear-sky shortwave forcing by mineral dust depended on aerosol loading, the imaginary part of the refractive index which represents absorption, and also dust particle size. Better measurements of AOD improve the aerosol forcing estimated by models. However, the uncertainties due to the single scattering albedo (SSA), aerosol composition and the vertical profile of aerosols are still significant (McComiskey et al. 2008; Loeb and Su 2010; Zarzycki and Bond 2010; Heintzenberg et al. 2011; Vuolo et al. 2014; Feng et al. 2015) . More measurements are required across the globe for a better understanding of the impact of these properties on aerosol forcing and also for better validation of model estimates. Clear-sky ARF over the oceans is usually negative at the TOA (Bellouin et al. 2005; Loeb and Manalo-Smith 2005; Yu et al. 2006; Myhre et al. 2007; Boucher et al. 2013) . However, it can become positive when aerosol absorption increases, i.e., SSA decreases, upscatter fraction decreases or if the albedo of the underlying surface increases. Loeb and Su (2010) showed that errors of ±0.06 in SSA over oceans (Dubovik et al. 2000) result in an error of 0.5−1 W m −2 uncertainty in forcing. Aerosol forcing undercloud-free conditions and the estimation of shortwave aerosol direct forcing for different types of aerosols have been studied using observations and models over oceans and land (Bergamo et al. 2008; Di Biagio et al. 2010; Bauer et al. 2011; Osborne et al. 2011) . Remer and Kaufman (2006) used aerosol data from the moderate imaging spectroradiometer (MODIS) sensor to estimate the aerosol direct radiative effect over cloud-free oceans. A detailed review of various measurements of aerosol direct radiative effect and forcing is given in Yu et al. (2006) . The synergistic use of data sets from clouds and Earth's radiant energy system (CERES) and MODIS was used by Christopher and Zhang (2002) to estimate the shortwave aerosol direct radiative effect over oceans. However, one of the major uncertainties was due to the lack of angular distribution models (ADMs) for aerosols. A list of observational studies specific to biomass burning regions is given in table 2 of Patadia and Christopher (2014) . Most of these studies improved the existing ADMs to reduce the uncertainty in aerosol forcing estimation. However, unlike Patadia and Christopher (2014) , the ADMs they used did not account for aerosols thereby underestimating forcing by 3 W m −2 . These newly developed empirical models are useful in modelling studies of aerosols (Zhang et al. 2005; Christopher and Jones 2008; Patadia and Christopher 2014) . They have also highlighted the need to study the aerosol radiative effect from different sensors to verify modelling simulations.
The Bay of Bengal (BoB) is an oceanic region surrounded by land masses and industrialised areas on three sides. Since the BoB plays a vital role in the evolution of the Indian summer monsoon, changes in ARF TOA over this region can have a crucial impact on the regional climate. The aerosols over the BoB vary with season -from being highly absorbing during winter (DecemberJanuary-February) to a mixture of anthropogenic aerosols and dust during March-April-May and to mostly scattering aerosols (June-July-August and September-October-November). Studies have shown that over the BoB, there is a strong latitudinal gradient of aerosols (north-south) during all seasons (Satheesh et al. 2006b; Nair et al. 2009 Nair et al. , 2013 . While continental aerosols (from central and eastern India) dominated the northern BoB, East Asia and the oceanic regions influenced the southern BoB (Satheesh et al. 2006b ).
Detailed studies have been carried out regarding the heterogeneity of aerosols and aerosol loading over the BoB for different seasons (Moorthy et al. 2003 (Moorthy et al. , 2010 Kumar et al. 2011 Kumar et al. , 2013 . During the W-ICARB (Winter Integrated Campaign for Aerosols, Gases and Radiation Budget) field experiment during December 2008 and January 2009, it was found that there was an abundance of fine mode aerosols (highly absorbing), mostly of anthropogenic origins from the nearby continents (Moorthy et al. 2010; Kaskaoutis et al. 2011; Kumar et al. 2013) . These aerosols are mainly confined to the boundary layer (BL) due to the sources being near. However, during spring and summer, the region is dominated by aerosols that have been transported over long distances (Satheesh et al. 2006a; Niranjan et al. 2007 ). The wind directions are mainly north-westerlies resulting in the transport of dust from the desert regions of western India, Arabian Peninsula and the Sahara. Most of these aerosols are at the height of 3-4 km and are a mixture of biomass from South East Asia, dust from nearby continents and few marine aerosols (Satheesh et al. 2006a Babu et al. 2008) . During the ICARB experiment, performed during March-May 2006, vertical profiles of black carbon (BC) was measured and was found to be of local origin within the BL, and the BC above the BL was due to long-range transport and non-local origins . These cruise studies also analysed the spatial variation of the aerosol properties during the cruise period.
The present study uses modelling simulations to understand the various aerosol properties that affect the aerosol forcing over the BoB for 2 months representing the two seasons -winter and premonsoon. Water vapour amount and the mean aerosol layer height varied over the BoB between the seasons. The effect of variation in both these parameters on the aerosol forcing was also studied using model simulations. Finally, using a simple analytical model, the role of aerosol layer height on the reflected flux at the TOA was studied.
Methodology
The BL height for winter and pre-monsoon over the BoB has been found to be varying from 500 m to 1 km (Subrahamanyam et al. 2012; Lakshmi et al. 2017) . Since the present study is a model analysis of factors affecting the aerosol forcing, two profiles representing aerosols within the BL (during winter -January) and aerosols above the BL (during premonsoon -May) have been used (figure 1a). The profiles were simulated assuming Gaussian distribution and corrected with MODIS AOD (averaged 2011-2016) . Figure 1 (b) shows the percentage of aerosol loading present above at each height. The majority of the aerosol loading was closer to the surface during January and above 1 km during May. The aerosol loading is similar to the one observed by Lakshmi et al. (2017) 
(figures 3 and 4).
The different types of aerosols, as well as the variation in aerosol properties between seasons, affect the ARF. The sensitivity of aerosol forcing to a particular parameter (S unitp ) is given as
where ∂F is the change in aerosol forcing and ∂p is the change in the respective parameter. However, over the BoB, the range R (maximumminimum) of each parameter for different months is not unity. Hence to accommodate the variation of each parameter during each month, the sensitivity S unitp is multiplied with the range of different aerosol parameters to get the actual sensitivity of aerosol forcing (S). The range of aerosol properties and water vapour was calculated using the latest versions of MODIS and ozone monitoring instrument (OMI) data. The column water vapour and surface albedo were taken from MODIS and CERES, respectively. The asymmetry parameter was taken from MODIS v5.1 data since this parameter has been discontinued for the later versions. The estimated range values over the BoB (6−19
• N and 85−91
• E; 2011-2016) are shown in table 1. For example, the value 0.374 for AOD during May represents not the mean value but the range, or, in other words, the difference between the maximum and minimum value of AOD over the BoB during May.
The model used in the study is the Santa Barbara DISORT radiative transfer (SBDART) model (Ricchiazzi et al. 1998 ) which uses planeparallel radiative transfer and calculates fluxes using the discrete ordinates radiative transfer (DISORT) method at the TOA, surface and within the atmosphere for different physical conditions. Fluxes in the SBDART model were calculated, using four radiation streams, in the wavelength band 0.25−5 μm. The aerosol properties used in this study were given at a wavelength of 550 nm. The properties include AOD and SSA. AOD is defined as the amount of radiation attenuated when it passes through a layer of aerosol. Other important properties included are Angstrom exponent (AE) -which represents the spectral dependence of AOD (Angstrom 1929 ) and the asymmetry parameter -defined as the phase function-weighted average cosine of the scattering angle. Apart from these properties, the aerosol vertical profile, columnar water vapour content (PW) and the surface albedo were also used as input to the model. SSA -defined as the ratio of scattering efficiency to total extinction efficiency -was assumed to be spectrally uniform, and the fluxes estimated were diurnally averaged. The simulations used the tropical atmosphere provided by SBDART and spectrally uniform surface albedo. The values of all the properties are shown in table 2. For a change in a particular property, the other 
Results
The sensitivity of ARF due to the change in various aerosol and environment parameters for all the cases was calculated and is shown in figure 2 . The legend in the above figure represents the values between which parameters varied (e.g., AOD changed from 0.4 to 1, and the effect of this change was calculated based on the change in ARF). The four cases 1-4 each represent a type of aerosol and a vertical profile of aerosol (table 3). The first two cases represent the month of January when aerosols are present mainly within the BL at ∼0.5 km (figure 1). SSA of 0.86 and 0.96 are used in cases 1 and 2, respectively, to see the effect of aerosol type on the sensitivity of ARF due to the change in other parameters. The last two cases represent similar conditions for May when the region was dominated by elevated aerosols like dust that are transported over long distances. From figure 2(a), it can be seen that irrespective of the season and type of aerosol, the maximum sensitivity of ARF was seen due to change in AOD which is a measure of the aerosol loading in the atmosphere. Depending on the type of aerosol, some amount of radiation reflected back to space and some was absorbed by the aerosol. Based on the underlying surface albedo, the radiation from the surface also interacts with the aerosol layer present above (Haywood and Shine 1995) . Over surfaces which have low surface albedo, the January profile, PW 4 cm 7 M a yp r o fi l e ,P W0c m 8 M a yp r o fi l e ,P W4c m
The first four represent the aerosol profile for both months for absorbing and scattering aerosols. The next four cases represent the 2 months but for dry and wet atmosphere. flux at the TOA in the presence of aerosols is more than pristine sky (aerosol free) due to the reflected radiation from the aerosol layer, which results in a negative forcing (cooling) at the TOA. Over land and surfaces with high albedo, an aerosol layer with low SSA absorbs radiation reflected from the surface thus heating the atmosphere and resulting in a lesser flux at the TOA (Seinfeld and Pandis 2006) . Aerosols with higher SSA reflect more radiation to the space resulting in a more negative forcing at the TOA compared to aerosols with lower SSA. Hence over oceans, as AOD increases, the effect of the aerosols on the TOA forcing also increases and those with higher SSA show a higher effect than those with lower SSA. The sensitivity to AOD is slightly higher during May due to the large variation of aerosol loading which can be due to the presence of a large number of dust aerosols transported over long distances over northern and central BoB (table 1) . The same simulations in figure 2(a) are shown in figure 2(b) without showing the sensitivity to AOD. For an aerosol with fixed SSA, the major sensitivity factors from figure 2(b) are the asymmetry factor, followed by AE and water vapour. In simple terms, the asymmetry parameter is defined as the amount of radiation scattered in the forward direction. An asymmetry value of 1 implies that radiation is purely forward scattering and a value of −1 means it is entirely back-scattering. As the asymmetry factor increases, the forward scattering also increases resulting in lesser flux at the TOA. Aerosol size distribution is the main factor controlling the value of the asymmetry parameter. Aerosol composition does not affect the asymmetry parameter directly. Instead, it influences the hygroscopic growth and hence the size of the aerosol particle (Andrews et al. 2006) . Andrews et al. (2006) derived the asymmetry parameter using various methods. Over the Southern Great Plains, the authors found a systematic increase in the asymmetry parameter with SSA (figure 5; Andrews et al. 2006) . The increase was attributed to the removal of large, hygroscopic particles due to wet scavenging leaving only particles with high backscattering efficiency (low asymmetry parameter) and highly absorbing aerosols (low SSA) in the atmosphere.
A change in the asymmetry parameter has a larger effect on the TOA forcing for scattering aerosols than absorbing aerosols. Hygroscopic aerosols like sea salt and sulphates which are also highly scattering have an enormous affinity towards water vapour which can result in a change in their physical properties and therefore optical properties like asymmetry parameter. figure 2b ). While sensitivity due to the change in the asymmetry parameter increased with the increase in SSA, there was negligible change when the height of the aerosol changed between months. There was a change of ∼2 W m −2 in S unitp between the months for the same SSA. This effect, however, is very little over the BoB due to the small variation in the asymmetry parameter.
AE is a good representation of aerosol sizethe higher the value of the AE, the smaller the size of aerosol (Kaufman et al. 1994) . Andrews et al. (2006) showed that the asymmetry parameter increased with the increase in aerosol mean volume diameter. Sviridenkov et al. (2017) also showed using models that the asymmetry parameter increased with the decrease in the AE (increase in size). The AE parameter has been widely used to characterise different types of aerosols Reid et al. 1999; Smirnov et al. 2002 Smirnov et al. , 2003 . It has also been shown that the wavelength dependence of AE results in a curvature in the relationship between AOD and wavelength which depends on the aerosol type and fine-mode fraction Kaskaoutis et al. 2007) . Surface albedo over oceans is very low and uniform. Hence the effect of a change in albedo has a negligible effect on the TOA forcing. However, this is not the case when the underlying surface has varying albedo like continental land surfaces or high surface albedo like snow or ice.
Water vapour in the atmosphere is found to be high within the BL (Parameswaran and Krishna Murthy 1990 ) and decreases almost exponentially as the altitude increases. Due to the low surface albedo of oceans, the interaction with radiation is only due to the aerosols, gases which absorb like water vapour, methane, ozone, carbon dioxide and also gases like nitrogen and oxygen which cause Rayleigh scattering. Water vapour acts as a strong absorber of radiation even in the visible and near-IR region (Eldridge 1967) . In the absence of water vapour, irrespective of the height, scattering aerosols scatter more radiative flux at the TOA and more negative forcing. The presence of water vapour, an absorber, reduces the flux further for both absorbing and scattering aerosols. Hence, the presence of water vapour (compared to a dry atmosphere) causes a reduction in the TOA flux. Markowicz et al. (2003) have shown that a change in relative humidity (50-95%) resulted in a change in the TOA aerosol forcing efficiency of 2.5 W m −2 τ −1 . He attributed this to the change in the optical properties like SSA, AOD and the asymmetry parameter due to the change in relative humidity. However, in the visible spectrum, relative humidity is shown to have a negligible effect on SSA due to the more substantial effect of moisture on the scattering coefficient than on the absorption coefficient of aerosols (Nessler et al. 2005) . This was attributed to the dominant presence of scattering aerosols and also to the fact that the increase in moisture had a larger effect on scattering than absorption. While the sensitivity of the TOA aerosol forcing due to the change in water vapour was less compared to the sensitivity to aerosol parameters, the role of the water vapour profile along with the aerosol layer height is important in the amount of radiation reflected at the TOA when aerosols are present under a wet atmosphere, which is discussed in section 3.2.
Effect of SSA on aerosol forcing
Four cases are simulated to understand the effect of a change in SSA (cases 5-8, table 3). The results are shown in figure 3.
After AOD, the factor that affects the TOA forcing is the SSA. It has been shown that even a small change in the SSA can cause the forcing due to the change from the negative to the positive, resulting in the warming of the atmosphere (Hansen et al. 1997; IPCC 2013) . SSA is defined as the ratio of scattering efficiency to total extinction efficiency, or, in other words, the ratio of radiation scattered by an aerosol layer to the total extinction of radiation by an aerosol layer. Aerosols like sulphate and sea-salt have SSA close to unity, implying that they scatter almost all the radiation, resulting in the cooling of the atmosphere (Haywood and Ramaswamy 1998; Satheesh and Moorthy 2005) . On the other hand, absorbing aerosols like BC and dust absorb radiation and cause a warming of the atmosphere. SSA of freshly generated BC has been found to be 0.1-0.28 (Bond and Bergstrom 2006; Bond et al. 2013) . SSA depends on the aerosol composition, aerosol size distribution and wavelength (Haywood and Shine 1995; Lee et al. 2007; Kazadzis et al. 2010) . A study by Srivastava et al. (2017) shows that accounting for the non-sphericity (regardless of the shape) of dust aerosols affected the SSA values (increase by 0.04), and therefore, the estimation of the TOA flux over Delhi.
From figure 3 , it is seen that when precipitable water vapour of 4 cm is added to the atmosphere, the sensitivity value decreases. The decrease is because water vapour acts as an absorber and under a wet atmosphere when the aerosols change from absorbing to scattering, the affinity to water vapour increases, resulting in a change in the physical property of aerosols. When an aerosol layer is present at a higher altitude (during May), it interacts with the incoming radiation as well as the radiation scattered by the atmosphere below. When the layer is absorbing and if the albedo of the underlying surface is high, there is enhanced absorption due to the additional interaction with the atmosphere below the aerosol layer, leading to a positive forcing at the TOA. Scattering aerosols show less dependence on the change in aerosol layer height especially when molecular absorption of water vapour is negligible (dry atmosphere) (Mishra et al. 2015) . The dependency changes in the presence of water vapour. Hence a change in the SSA will have a higher effect on aerosol forcing when aerosols are present at a higher altitude both in the presence and absence of water vapour. S unitp for a change in SSA from 0.86 to 0.96 (absorbing to scattering aerosols) was estimated to be −56 W m −2 (−48 W m −2 ) and −60 W m −2 (−53 W m −2 ) for January and May, respectively, for a dry (wet -PW 4 cm) atmosphere. However, figure 3 shows that when aerosols were present closer to the surface (January), the effect of a change in SSA was higher than for elevated aerosols. The reason is due to the higher R in January compared to May (table 1) . The higher range of SSA (spatial variation) in January is due to the presence of aerosols from different sources. During winter, the northern BoB is seen to be affected mainly by anthropogenic aerosols from the subcontinent and central and southern BoB is influenced by south-east Asia and the Oceanic regions (Moorthy et al. 2003; Satheesh et al. 2006b; Kaskaoutis et al. 2011) . There is also a significant influence of biomass burning aerosols, which are highly absorbing, during winter when compared to other seasons (Kedia et al. 2012) . Despite the southern BoB showing less aerosol loading, a large AOD was found in the northern BoB and closer to the coast, resulting in considerable heterogeneity of aerosol properties across the entire region , whereas, in May, the most dominant aerosol type is elevated aerosol of both anthropogenic and natural origins . The roles of water vapour and aerosol layer height on aerosol forcing for absorbing and scattering aerosols are discussed in detail in section 3.2.
Effect of water vapour and aerosol layer height on the TOA forcing
Water vapour, being a strong absorber especially in the near-IR region, affects the TOA flux both in the presence and absence of aerosols, and therefore affects aerosol forcing as well (figure 4). As water vapour is added to the atmosphere, the TOA forcing increases (reduction in the TOA flux). In the presence of aerosols, the interaction of water vapour-aerosol-radiation is complex. The difference in ARF TOA between January and May for absorbing and scattering aerosols and for different AOD and PW is shown in figure 5 .
As mentioned earlier, the ARF TOA over oceans is negative. Therefore, from figure 5 if the difference in aerosol forcing is negative, it implies that, during May, there is higher aerosol forcing, resulting in a reduction in the TOA flux and an increase in flux when there is a positive difference. A difference of 0 is shown in white in figure 5. As the months change from January to May, in an atmosphere with low or negligible water vapour, forcing increases (almost as high as 1 W m −2 ) as AOD increases for absorbing aerosols (SSA -0.86). The more the aerosol loading of absorbing aerosols, the more the absorption of radiation above and below the aerosol layer, resulting in a higher reduction of the TOA flux. However, when the amount of water vapour starts to increase, the absorption due to water vapour masks the effect due to aerosols. In a wet atmosphere, water vapour plays an important role in aerosol forcing especially when scattering aerosols are present. It can be seen from figure 5 that for high water vapour content, as AOD increases, the forcing decreases as the aerosol layer moves from the surface to a higher altitude (January-May). When AOD increases, the flux reaching the TOA increases for both scattering aerosols and absorbing aerosols. However, the rate at which flux increases is more for scattering aerosols than absorbing aerosols. As the amount of water vapour in the atmosphere increases, the flux reaching the TOA is reduced due to absorption by water vapour. However, for the aerosol layer present at an elevated position, the layer interacts with radiation before it reaches the water vapour layer closer to the surface.
The role of the aerosol layer height is studied by simulating the flux at different aerosol heights from the surface to 6 km and calculating the difference in the TOA flux for aerosol at each height and aerosol close to the surface. The various environmental and aerosol properties were fixed as AOD: 0.4, AE: 1, asymmetry parameter (g): 0.65 and surface albedo: 0.06. Tropical atmosphere is assumed in this particular simulation for SSA 0.86 and 0.96 and total column water vapour 0 and 4 cm (figure 6).
In a dry atmosphere, i.e., PW: 0 cm, absorbing aerosols show more dependence on the aerosol height than scattering aerosols. This is because as the height increases, the amount of radiation available for absorption is more due to the scattered radiation by particles present in the atmosphere below the layer. Hence, the amount of flux also decreases as the aerosol layer height increases, increasing aerosol forcing. In a study by Mishra et al. (2015) , it was seen that scattering aerosol depended lesser on the aerosol height than absorbing aerosols (e.g., dust) under a dry atmosphere dominated by Rayleigh scattering. The presence of water vapour (PW: 4 cm) creates an opposite effect on the outgoing flux at the TOA for different aerosol types at different heights. As water vapour increases, the molecular absorption also increases. When scattering aerosols are present at a higher altitude, the radiation received will interact with the aerosol layer before reaching the atmosphere below which contains absorbers like water vapour. This results in a higher flux at the TOA than the flux due to the aerosol layer at a lower altitude. The effect of water vapour absorption at different aerosol layer heights is shown greater for scattering aerosols than absorbing aerosols (Mishra et al. 2015) . The study also showed that in the solar spectrum of 0.25−4 μm, the role of vertical aerosol distribution is different in the ultraviolet (UV) spectrum and the visible-near infrared (IR) spectrum. While aerosol absorption plays an important role in the UV spectrum, molecular absorption plays a vital role in the visible spectrum.
Analytical representation of the role of aerosol layer position on the TOA flux
The fraction of incoming radiation reflected at the TOA was calculated for the aerosol layer present within the BL and present above the BL using a simple atmospheric model assuming single scattering. The model is based on the Seinfeld and Pandis (2006) , aerosol layer model. In a cloud-free atmosphere, radiation interacts with aerosols, molecules like water vapour and gases (like nitrogen and oxygen), resulting in the scattering and absorption of radiation. While aerosols scatter and absorb radiation based on the aerosol type, small particles (including gases like nitrogen and oxygen) result in molecular or Rayleigh scattering. On the other hand, water vapour and gases like ozone, carbon dioxide act as absorbers of radiation. The transmittance of an atmospheric layer is the fraction of radiation that is transmitted through the layer without absorption or reflection. In the model, the transmittance due to the aerosol layer, gases that cause Rayleigh scattering and those that result in molecular absorption are given by T a , T r and T m , respectively. When radiation is scattered by particles, some fraction is scattered upwards and the remaining in the downward direction. For aerosols, the fraction of radiation scattered into the upper hemisphere is given by the parameter, β, and for Rayleigh scattering, it is assumed that radiation is scattered equally on both the directions, i.e., = 0.5. SSA, a fraction of radiation scattered by aerosols, is given by the parameter, ω. Single scattering has been assumed for simplicity.
When aerosols are present within the BL, the incident radiation interacts with aerosols and other atmospheric particles/molecules simultaneously. The fraction of radiation reflected at the TOA is given by equation (2):
The fraction reflected at the TOA depends on the transmittance of molecules and the relative dominance of scattering of aerosols and the Rayleigh scattering. When aerosols are present above the BL, the radiation interacts with the aerosol layer separately before interacting with particles within the BL. No aerosols are assumed to be present in the BL. Equation (3) gives the fraction of reflected radiation at the TOA:
Since the aerosol layer is assumed to be independent of the other atmospheric particles, the fraction of radiation at the TOA depends on the properties of the aerosol layer separately which is given by the first term. The second term represents the effect of the atmospheric layer, including Rayleigh scattering and molecular absorption, on the total (direct+diffuse) radiation transmitted downwards through the aerosol layer.
To further understand the effect of aerosol layer height, the sensitivity of the fraction of incoming radiation reflected at the TOA due to the change of various parameters used in the simple model is calculated ( figure 7) .
Whether the aerosol layer is within or above the BL, figure 7 shows that the primary parameter that affects the amount of radiation reflected back to the space is the up-scatter fraction (β), i.e., the fraction of radiation scattered by aerosols into the upper hemisphere. This fraction is related to the solar zenith angle and aerosol size (Seinfeld and Pandis 2006; Hassan et al. 2015) . The up-scatter fraction has been used as a function of the asymmetry parameter before, either linearly (Sagan and Pollack 1967; Chylek and Wong 1995) or as a complex function (Wiscombe and Grams 1976; Fiebig and Ogren 2006) . Hence, the amount of radiation reflected at the TOA depends heavily on the amount scattered by an aerosol layer into the upward hemisphere or indirectly on the amount of radiation scattered in the forward direction (asymmetry parameter). The effect is slightly more for aerosols with higher SSA that are highly scattering when compared to absorbing aerosols.
When an aerosol layer is present within the BL, apart from aerosols, there are gases like nitrogen and oxygen that cause Rayleigh scattering and molecules like water vapour which act as a strong absorber. The main factor affecting the amount of radiation at the TOA apart from β is the transmittance of absorbers like water vapour (T m ). The transmittance of a layer is related to the optical thickness of the layer (τ ), i.e., T = e −τ , approximated as 1−τ for τ < 1. Regardless of the type of aerosol, the absorption due to water vapour (T m ) affects the TOA radiation more than the interaction between aerosols and radiation (T a or SSA).
The optical properties of aerosol play a more active role than water vapour in affecting the radiation at the TOA when the aerosol is above the BL. The transmittance of the aerosol layer is indirectly related to AOD as shown earlier and hence whether the aerosol is absorbing or scattering, the higher the AOD (the lower the transmittance), the higher the radiation scattered back to the TOA. The next dominant factor is the SSA. Here the role of water vapour is lesser when compared to the scenario of aerosol within the BL. There is still absorption of water vapour, but the presence of the aerosol layer above the BL results in radiation interacting with the aerosol layer before reaching the BL. 
Conclusion
Aerosol forcing depends on the aerosol amount, type and composition. Estimates of aerosol forcing are affected by the uncertainty and the accuracy in the measurements of various aerosol optical properties. The major properties that affect aerosol forcing are the AOD, SSA and the asymmetry factor. The present study uses the SBDART model to analyse the impact of various aerosol properties on the TOA aerosol forcing. Two typical profiles over the BoB representing the aerosol layer as above (May) and within the BL (January) have been used. The following conclusions were observed:
• The maximum sensitivity in aerosol forcing was due to AOD. Over oceans, as AOD increased, the effect of aerosol on the TOA forcing also increased. The sensitivity was higher for scattering aerosols. It was also high during May than January as the variation in aerosols was large when there was a transition from winter to the summer monsoon.
• Following AOD, the most significant contributor to the variation in the TOA forcing is SSA.
The maximum effect of SSA on forcing was seen in January than May due to the broader range of SSA over the BoB during January. The presence of water vapour does not affect the influence of SSA on forcing.
• The effect of asymmetry parameter and AE is high for scattering aerosols because in the presence of moisture, scattering aerosols like sea-salt which are hygroscopic can change their size and hence their optical properties as well.
• The effect of water vapour on the TOA flux and forcing depends on the position of the aerosol layer. When aerosols are present within the BL, absorption due to water vapour affects the TOA flux more than the interaction between aerosols and radiation. The optical properties of aerosols are more effective than those of water vapour in affecting the radiation at the TOA when the aerosol layer is present above the BL.
• In a dry atmosphere, the radiative flux reaching the TOA depends on the aerosol layer height when the amount of absorbing aerosols is more than that of scattering aerosols. As the amount of water vapour increases, the TOA flux depends on the aerosol layer height when scattering aerosols are more in quantity than absorbing aerosols.
For the accurate estimation of global forcing and to study the effect of aerosols on climate, the uncertainty in the measurements of various aerosol optical properties has to be reduced. Presently, the measurements of AOD have been reasonably accurate. However, the retrievals of SSA and vertical aerosol distribution are still uncertain, and more closure studies have to be performed. With the present remote-sensing scenario including the A-train constellation, various satellites carrying different sensors can be used simultaneously to study the atmosphere and its components more accurately. In the present work, the direct effect of water vapour on aerosol forcing has been studied. Water vapour absorption plays a vital role in aerosol forcing. The effect is maximum for scattering aerosols which have a higher affinity towards water vapour than strongly absorbing aerosols. Aerosol layer height affected aerosol forcing based on the amount of water vapour present in the atmosphere. The relationship between water vapour content throughout the atmosphere and the vertical aerosol distribution during clear skies have to be analysed further in detail using satellites and other means of measurement. Such studies can help us estimate either of these properties when the other is available.
